Using a 200 keV electron beam with the intensity ∼7 × 10 16 e nm −2 as an irradiation source, we investigated the irradiation effects on the microstructure of a new superconductor, Sr 2 CuO 2+δ Cl 2−y , by means of high-resolution transmission electron microscopy, electron energy loss spectroscopy (EELS) and energy dispersive analysis of x-rays (EDX). When the sample was illuminated along the [001] direction, a kind of modulated structure with modulation vector q = (2π/a p )(± , 0) and wavelength λ = ∼8.81 Å was found to develop, while when the sample was illuminated along the [100] direction, there was no evidence of a transition of the modulated structure. The O K, Cu L 2,3 EELS spectra and EDX data suggest that the modulated structure results from an ordered oxygen deficiency and the O vacancies are suggested to be located in the Cu-O plane.
Introduction
Recently, a new high-temperature superconductor (HTS), Sr 2 CuO 2+δ Cl 2−y (T c = 30 K for nominal y = 0.8), was synthesized with partial substitution of oxygen for apical chlorine by using a high-pressure technique [1] . The crystal structure has been determined to be a K 2 NiF 4 -type tetragonal structure with the space group I 4/mmm and lattice parameters a = b = 0.394 nm, c = 1.564 nm [2] . Figure 1 displays the electron diffraction (ED) patterns and the corresponding HRTEM images along three main zones, [001] , [100] and [110] , clearly showing the structural characteristic of the Sr 2 CuO 2+δ Cl 2−y superconductor. It is well known that one of the important requirements for practical application of a superconducting material is the enhancement of the critical current density (J c ) by artificially introducing defects into it. Electron irradiation is a technique widely used to produce defects in HTSs [3] [4] [5] . Electron beams with different energies may create different defects. For example, in YBa 2 Cu 4 O y system superconductors, a single-chain-type defect is introduced by a low-energy electron beam [6] , while 1 Author to whom any correspondence should be addressed.
an amorphous structure around the Cu-O chain is easily formed by high-energy electron beam exposure [7] . At the same time, electron irradiation is regarded as a practically controllable way to produce point defects [4, 5] . Interstitials and voids are the most common point defects. When these defects arrange in an orderly fashion, modulated superstructures are formed. In this paper, we report an ordered oxygen-deficient superlattice formed by electron beam irradiation of the apical oxygen doped Cl-0201-type Sr 2 CuO 2+δ Cl 2−y superconductor.
Experiments
The compound Sr 2 CuO 2+δ Cl 2−y was synthesized at 1050
• C for 1 h under 6 GPa using Sr 2 CuO 3 and Sr 2 CuO 2 Cl 2 which were prepared as precursors by the conventional solid state reaction method. The details of the sample preparation are given in [1] . The thin sample for the transmission electron microscopy (TEM) study was prepared by mechanical thinning followed by argon ion milling. A liquid nitrogen cold stage was used during the ion milling to reduce the damage by ion beams. The transmission electron microscope used in this study is Tecnai F20 with a field emission gun. The easily controllable electron beam with different intensities, which was accelerated at a voltage of 200 keV, was used to investigate the irradiation effects on the material.
Results and discussion
When illuminated with the 200 keV electron beam with a low intensity (<4×10 16 e nm −2 ), the sample appeared to be stable, while when the electron beam intensity was increased to about 7 × 10 16 e nm −2 , the sample suffered microstructure change. In the following study, using a 200 keV electron beam with an intensity of ∼7 × 10 16 e nm −2 as the irradiation source, we investigate the irradiation effects on the microstructure of the sample illuminated along the [001] and [100] directions.
When the sample was illuminated along the [001] direction, a kind of modulated structure was found to develop during the irradiation. for a long time to a weak electron beam in our experiments. After irradiating the grain with the intense electron beam for about 15 min, the modulated structure appeared at first in a local domain and then gradually extended around it. It was observed that the modulated structure extended faster along the direction (the direction perpendicular to the modulated direction, as described later) marked by the white arrow than in any other directions. It should be noted that the transitions to the modulated structure were not simultaneous for all the grains. It was obvious that the transition in thick grains was slower than that in thin grains. In some thick grains, no modulated structure was found to develop even when the grains were irradiated for 1 h, while in thin grains, especially at the edges of the thin grains, the transition was very quick and sometimes less than 10 min were needed for the transition. In addition, the modulated structure appeared to be stable after the sample was taken away from the intense electron beam. However, following exposure to the intense electron beam for a long time, the modulated structure was found to be gradually damaged and, further, to form an amorphous structure.
In order to give a better impression of the modulated structure, we show in figure 3(a) an enlarged HRTEM image of a local domain of it. The corresponding fast Fourier transform (FFT) pattern and the schematic representation of the FFT pattern are shown in figures 3(b) and (c), respectively. It can be seen from the FFT patterns that the modulated reflections appeared along the [120]
, 0)) with a wavelength of about √ 5a p (∼8.81 Å) (where the subscript 'p' stands for the basic structure of the material). The modulation wavelength is shown schematically in figure 3(a) .
EELS and EDX studies were also carried out to reveal the characteristics of the modulated structure. Figure 4(b) shows the O K absorption edge obtained from the modulated structure. The O K edge obtained from the same grain before irradiation with the intense electron beam is also shown in figure 4 (a) for comparison. A pre-peak at ∼528.7 eV is clearly seen for the grain before irradiation, while the pre-peak disappeared for the irradiation-induced modulated structure. The pre-peak at ∼528.7 eV corresponds to transitions from the O 1s core state into unoccupied O 2p states and its intensity is proportional to the number of the O 2p holes. The O K EELS results suggest that the modulated structure is in a hole poor state. The Cu L 2,3 absorption edges were also measured for the grain before irradiation and the irradiation-induced modulated structure, and the results are shown in figures 5(a) and (b), respectively. The strong excitonic peaks at ∼932 eV (L 3 ) and ∼952 eV (L 2 ) are attributed to transitions of Cu 2p 3/2,1/2 core electrons from the (2p 3/2,1/2 )3d 9 L ground states to the (2p 3/2,1/2 )3d 10 L excited states, where 2p denotes a 2p hole and L denotes a ligand hole. The two Cu L 2,3 edges are similar except that the L 3 peaks at ∼932 eV exhibit different symmetry. The L 3 peak for the grain before irradiation shows a clear asymmetry, while the asymmetry in the L 3 peak disappeared for the modulated structure. Both experiments [8, 9] and theoretical cluster calculations [10] suggest that the asymmetry results from the influence of holes on O sites. The Cu L 2,3 EELS results also confirm that the modulated structure is in a hole poor state. In addition, the Cu L 2,3 edge for the modulated structure is similar to that for the unmodulated structure and clearly shows divalent Cu(2) states [11, 12] , indicating that the subcell structure of the modulated structure did not undergo change. Two factors, i.e., cation (Sr, Cu) richness and anion (O, Cl) deficiency, can lead to the hole poor state of the modulated structure. The possibility of cation (Sr, Cu) richness can be excluded since no additional cations (Sr, Cu) were introduced into the grain during the irradiation. In addition, quantitative composition analysis from TEM-EDX suggests that the ratio of Sr, Cu and Cl remains the same after irradiation (the EDX charts for the grain before irradiation and the irradiation-induced modulated structure are shown in figures 6(a) and (b), respectively). Therefore, the modulated structure can reasonably be said to result from the O deficiency. In fact, electron irradiation could easily cause many hightemperature superconductors to lose oxygen [13] [14] [15] [16] .
There are two types of oxygen in the superconductor Sr 2 CuO 2+δ Cl 2−y with the 0201-type structure. One is those in the Cu-O plane, while the other is those incorporated in the apical sites. The two types of oxygen are clearly depicted in the structural model of the compound shown in figure 7 . According to the experimental indications for many HTSs such as the Hg-1223 system [17] that in-plane oxygen defects are easily introduced by electron irradiation, we suggest that the electron irradiation creates O vacancies in the Cu-O plane and the modulated structure originates from the ordering of the O vacancies. The Coulomb field resulting from the ordered O vacancies causes the neighbouring Sr and Cu atoms to slightly deviate from their original lattices, which can be seen from the HRTEM images in figures 2(b) and 3(a). Figure 8 When illuminated along the [100] direction with the intense electron beam, the grains, whether thick or thin, were not found to transit into any modulated structure. This suggests that the formation of the ordered O vacancies upon electron irradiation of Sr 2 CuO 2+δ Cl 2−y also depends on the irradiation direction. If the irradiation time is long enough, the grains will decompose to form an amorphous structure. irradiation and after irradiation for 30 min, respectively. It can be seen that some amorphous structure developed from the perfect tetragonal structure owing to the intense electron beam irradiation.
The properties of high-temperature superconductors largely depend on the concentration and arrangements of defects in their structures. In general, the point defects in the Cu-O plane such as the ordered O vacancies formed upon electron irradiation of Sr 2 CuO 2+δ Cl 2−y are the most relevant factors for the T c reduction according to the studies of electron irradiation effects on other HTSs [4, 17] . At the same time, the J c is also very sensitive to modulation of the superstructure based on the ordered arrangement of O vacancies [18] . The exact effects of the ordered O defects on the T c and J c for the apical oxygen doped Cl-0201-type Sr 2 CuO 2+δ Cl 2−y superconductor should be confirmed by studying a bulk sample using electron irradiation and this work is under way.
Conclusions
The superconductor Sr 2 CuO 2+δ Cl 2−y appears to be stable when illuminated with weak electron beams, while the sample suffers from microstructure change when illuminated with intense electron beams. Using a 200 keV electron beam with an intensity ∼7×10 16 e nm −2 as the irradiation source, we studied the irradiation effects on the microstructure of the sample by means of HRTEM, parallel EELS and EDX. When the sample was illuminated along the [001] direction, a kind of modulated structure with modulation vector (2π/a p )(± 1 10 , 1 5 , 0) and wavelength ∼8.81 Å was found to develop. The O K, Cu L 2,3 EELS spectra and EDX data suggest that the electron beam irradiation caused the sample to lose oxygen and the modulated structure is associated with O vacancies. In many HTSs, in-plane oxygen defects are easily introduced by electron irradiation, so the ordered O vacancies are suggested to be located in the Cu-O plane. When the sample was illuminated along the [100] direction, there was no evidence of a transition of the modulated structure.
